Regulatory proteins often communicate with each other to manage various cellular processes. Such interactions mostly rely on the recognition of small peptide motifs. The activity of other regulatory proteins depends on small molecular weight effectors and allostery. We demonstrate the in vivo regulation of the tetracyclinedependent Tet repressor by an oligopeptide fused to the N or C terminus of thioredoxin A. The binding site of the peptide overlaps but is not identical with the tetracycline binding site. Several TetR mutants that are noninducible by tetracycline also respond to the peptide. This demonstrates for the first time the conversion of a small molecular weight effector-dependent regulator to a protein-protein contact-dependent potential member of designed signaling chains.
Regulatory proteins often communicate with each other to manage various cellular processes. Such interactions mostly rely on the recognition of small peptide motifs. The activity of other regulatory proteins depends on small molecular weight effectors and allostery. We demonstrate the in vivo regulation of the tetracyclinedependent Tet repressor by an oligopeptide fused to the N or C terminus of thioredoxin A. The binding site of the peptide overlaps but is not identical with the tetracycline binding site. Several TetR mutants that are noninducible by tetracycline also respond to the peptide. This demonstrates for the first time the conversion of a small molecular weight effector-dependent regulator to a protein-protein contact-dependent potential member of designed signaling chains.
Biological signaling involves allosteric proteins triggered by either small effector molecules or by other proteins. The importance of protein-protein interaction networks is highlighted by the efforts to unravel so-called interactomes (1, 2) describing all possible interactions of proteins encoded by a respective genome. Because many interactions take place between small domains that recognize short linear peptide motifs (3, 4) , as opposed to discontinuous motifs requiring a correctly folded structure, there is also the expectation of determining generally valid rules governing such interactions. Hence, the primary structures of many different protein recognition modules and their matching partners have been identified (5) (6) (7) . Such continuous peptide motifs usually consist of only a few residues resembling low molecular weight effectors in their size.
Tet repressor (TetR) 1 is one of the most intensely studied transcriptional regulators. It responds to tetracycline (tc) and some of its derivatives (8) . Here, we ask the question if TetR may also be controlled by a peptide either isolated or fused to a larger protein. This would establish the first example of converting a small molecular weight effector-dependent protein into a potential member of a signaling chain depending on protein-protein recognition.
TetR is a very suitable candidate for this approach; it is structurally, biochemically, and genetically well characterized and belongs to the Tet/Cam family of regulators (9) . Members of that family, like QacR (10), EthR (11) , and CprB (12) , share the same overall peptide fold with TetR and yet exhibit remarkable divergence concerning primary structure, DNA sequence recognition, and effector binding. The structural changes leading to induction in QacR and TetR are somewhat similar. Nevertheless, their respective inducers bind with different stoichiometries to different parts of that fold. Ligand binding to TetR is very specific and occurs in a binding pocket located within the protein core formed by both subunits. In contrast, inducer binding to QacR takes place in a spacious and hydrophobic pocket on the surface of the protein, where structurally diverse cationic lipophilic compounds, e.g. malachite green, rhodamine 6G, or ethidium (13) , are recognized. Even simultaneous binding of two different drugs is productive for induction (14) . Taken together, allostery can clearly be triggered from different sites in the QacR/TetR protein fold. We describe here the isolation of an oligopeptide fused to thioredoxin A (TrxA) that is able to induce TetR-controlled transcription in Escherichia coli. Mutational analyses highlight that residues within the tetracycline binding pocket and solvent-exposed residues of ␣8 and ␣9 contribute to peptide recognition. That non-tc-inducible TetR mutants also respond to the peptide establishes a new mode of triggering allostery and offers the possibility of specific induction by any protein tagged with this peptide.
MATERIALS AND METHODS
Phage Display-The selection of TetR-binding peptides was performed using the Ph.D. -12 TM Phage Display peptide library (New England Biolabs). Biopanning experiments were carried out according to the manufacturer's manual. Briefly, NUNC Maxisorb tubes were coated with TetR(B) derived from Tn10 (15) overnight at 4°C and blocked with bovine serum albumin for 2 h. After incubation with Ph.D. -12 TM , bound phages were eluted in the first round with a glycine buffer at pH 2.2. From round 2 on, the eluate from round 1 was split into two pools that were eluted either specifically with TetR (100 g/ml in Tris-buffered saline, equivalent to 4 M) or non-specifically by low pH. The recovered phages were amplified in E. coli JM101 (16) , and the phage titer was determined on X-gal/IPTG plates as plaque-forming units per milliliter. After the third round of selection, single phage clones were prepared, and double-stranded M13 DNA was isolated (NucleoSpin, Macherey and Nagel) and characterized by dideoxy sequencing. Binding of single phages to TetR was determined by enzyme-linked immunosorbent assay. Wells were coated with TetR, whereas bovine serum albumin (BSA)-coated wells were used as a negative control. After the addition of phage clones, a horseradish peroxidase-conjugated anti-M13 antibody was used to detect M13 binding according to the manufacturer's protocol. Tested candidates yielded absorption ratios (A TetR /A BSA ) of 4 up to 34 (peptide Bs1) for 10 10 plaque-forming units/well. Purification of TetR-E. coli RB791 was transformed with the overexpression plasmid pWH610 (17) encoding for TetR(B) or TetR(BD) wild type or with the overexpression plasmid pWH1950 (18) encoding for a tryptophan-free mutant TetR(B)W43Y,W75F. Cells were grown at 28°C for TetR(B) and TetR(BD) and at 20°C for the Trp-free variant. * This work was supported by the Deutsche Forschungsgemeinschaft through the SFB 473, the Graduierten Kolleg 805, and the Fonds der Chemischen Industrie. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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In Vivo System-The phage tet50 was isolated from the E. coli strain NK5031(tet50) (19) by induction with mitomycin C (5 g/ml). The phage was integrated into the genome of E. coli DH5␣ by lysogenic transfer, and positive clones were screened on X-gal plates. The gene encoding for TrxA was amplified by standard colony PCR using the oligonucleotides trxA(5Ј), 5Ј-CTCGAGAAGCTTAACAAAAATTAGGAA-TTAATGATGAGCGATAAAATTATTCACCTGACT-3Ј, and trxA(3Ј), 5Ј-ATAATACCATGGCTGCAGATATGCAATGAGCTCCACCCGACGCC-AGGTTAGCGTCGAGGAACTC-3Ј, which introduce the restriction sites for HindIII and NcoI, allowing cloning into the plasmid pWH610, and restriction sites for PstI and BsrDI for cloning of the in vitro selected peptides. After removing 2 BsrDI and 2 PstI sites via oligonucleotidedirected PCR mutagenesis, the plasmid was termed pWH2100. Peptides encoded by selected phages were amplified from isolated M13 DNA using the oligonucleotide bank(5Ј), 5Ј-CCTTTAGTGTGCAGTTT-CTATTCTCACTCT-3Ј, and bank(3Ј), 5Ј-ATAATACTGCAGACTTTCA-ACAGTTTCTTACGAACCTCCACC-3Ј, introducing restriction sites for PstI and BsgI for cloning into pWH2100. The construct encoding for TrxA(C)-Bs1 was termed pWH2101.
The lacI q -encoding fragment was cut out of pWH844 (20) and cloned into pWH510 (21) or pWH1411 (22) to obtain pWH527 and pWH1413, respectively. Western blot analysis using a monoclonal anti-TetR(B) antibody revealed an ϳ8-fold higher expression of TetR in pWH1413 compared with pWH527. XbaI and NcoI cut fragments encoding for sc TetR(B) or TetR(BD) were cloned into likewise digested pWH527 to obtain pWH528 and pWH529, respectively.
Cloning of N-terminal trxA Fusions and trxA Insertions-trxA was amplified using the oligonucleotides 5ЈtrxA-NT, 5Ј-ATCGTCTAGAAG-CGATAAAATTATTCACC-3Ј and 3ЈtrxA-NT 5Ј-ATGCATCCATGGTTA-CGCCAGGTTAGCGTCGAGG-3Ј, introducing restriction sites for XbaI and NcoI to allow cloning into pWH610. The resulting plasmid was named pWH2200. The sequence encoding the peptide Bs1 was amplified using the phosphorylated oligonucleotides 5Ј-pep, 5Ј-GGACTTGG-AATGCTTATGCG-3Ј and 3Ј-pep 5Ј-GAACCTCCACCACTAGGAGC-3Ј. The resulting PCR product was cloned into pWH2200/XbaI in which blunt ends had been generated with mung bean nuclease. The resulting plasmid was termed pWH2201. To construct the trxA-loop insertion mutant, the peptide was amplified using the oligonucleotides 5ЈloopI, 5Ј-ATATCGGTCCGTCGGGTGGAGGTTGGACTTGG-3Ј, and 3ЈloopI, 5Ј-ATATCGGACCCGAACCTCCACCACTAGG-3Ј, introducing flanking AvaII restriction sites. The restricted PCR fragment was cloned into the RsrII-restricted plasmid pWH2200 to obtain pWH2203. The construction of the insertion mutant with extended linker was done using the phosphorylated oligonucleotides 5ЈloopII, 5Ј-GTTCGGGTGGAGGTTC-GGGTGGAGGTTGGACTTGG-3Ј, and 3ЈloopII, 5Ј-GACCCGAACCTC-CACCCGAACCTCCACCACTAGGAGC-3Ј. The resulting product was cloned into the plasmid pWH2200, which was restricted with RsrII and in which blunt ends had been created using mung bean nuclease. The resulting plasmid was named pWH2204.
Cloning of tetR Mutants-N82A, F86A, T103A, P105A, E147A, and E175A were constructed via oligonucleotide-directed mutagenesis and cloned into pWH527. The tetR mutants H64Y, H100Y, G102R, E128R**, I174T*, L176S, M177S, and D178G were cut out of pWH510 derivatives, pWH1919 derivatives (*) (23) , or pWH519 derivatives (**) (24) . SphI-and XbaI-digested fragments were cloned into likewise digested pWH527. All constructs were sequenced before in vivo characterization.
Cloning of tetR(BD) Chimeras-tetR(BD)153-167 and tetR(BD)51-141 were constructed via multiple-step PCR and cloned into pWH527. The verification chimeras tetR(BD)51-127,183-208 and tetR(BD)51-127,185-208 were constructed via multiple-step PCR and cloned into pWH1413 to obtain pWH1414-VC1 and pWH1414-VC2, respectively. The remaining chimeras were cut out of pWH610 or pWH853 derivatives (25, 26) via NcoI and XbaI digestion and cloned into pWH527. All constructs were sequenced before in vivo characterization.
␤-Galactosidase Assays-Repression and inducibility of TetR was assayed in E. coli DH5␣(tet50). This strain was transformed with pWH527 or pWH1413 derivatives encoding for different amounts of TetR and the pWH2100/2200 plasmid series encoding for TrxA or the fusion and insertion proteins. Overnight cultures and log phase cultures were grown at 28°C in LB medium supplemented with the appropriate antibiotics, and additionally 0.2 g/ml tc for the positive control. The fusion proteins were induced in log phase cultures using 60 M IPTG for standard measurements. ␤-Galactosidase activities were determined as described by Miller (27) . Three independent clones for each construct combination were assayed, and experiments were repeated at least twice.
Western Blot Analysis-E. coli DH5␣(tet50) was transformed with the derivatives listed in the respective ␤-galactosidase assays and grown under the same conditions as stated there. At an A 600 of 0.4, cells were harvested, and crude lysates were prepared by sonication and centrifugation. 7.5-15 g of crude lysate of each construct was loaded on a 14% SDS-PAGE and electrophoresed. Proteins were transferred (120 mA, overnight at 4°C) to a polyvinylidene difluoride membrane (Bio-Rad) in a Mini V8.10 blotting apparatus (Invitrogen) using a transfer buffer consisting of 10 mM NaHCO 3 , 3 mM Na 2 CO 3 , and 20% (v/v) methanol. After blocking with 0.2% I-Block TM (TROPIX) in phosphatebuffered saline, 0.1% Tween, membranes were treated with a monoclonal TrxA antibody (Anti-Thio TM antibody, Invitrogen). The detection was carried out using an anti-mouse IgG conjugated to horseradish peroxidase (Amersham Biosciences) and the ECLϩ kit (Amersham Biosciences) following the manufacturer's manual.
Fluorescence Measurement-All fluorescence measurements were performed using a Spex Fluorolog 3 (Jobin Yvon). Measurements were carried out in a buffer containing 50 mM NaCl, 20 mM Tris⅐HCl, 5 mM MgCl 2 , and 2 mM dithiothreitol at pH 7.5. The temperature was set to 28°C. In fluorescence titrations with tc to determine the activity of TetR, the excitation wavelength was set to 370 nm, and emission was detected at 515 nm. For characterization of the TetR-peptide interaction, the excitation wavelength was set to 295 nm, and the emission spectra were recorded from 300 to 420 nm. The spectra were integrated from 320 to 380 nm to obtain the data for TetR-peptide complexes at various TetR concentrations. The K D value was calculated by a nonlinear regression fit using the program SigmaPlot 8.0.
For the competition experiment, the interacting species were incubated at a concentration of 4 M each, and fluorescence was excited with 295 nm. The different emission spectra were recorded from 300 to 620 nm. For the competition experiment and the determination of K D , the Trp-free variant TetR(B)W43Y,W75F was used. To determine the affinities of peptide Bs1 to the wild type proteins TetR(B) and TetR(BD), additional titrations were carried out. First, a solution of 2 M peptide was titrated with increasing amounts of TetR to determine the overall fluorescence. Second, the fluorescence spectra of TetR without peptide were measured for every titration point to determine the contribution of the Trp residues to the overall fluorescence. The respective fluorescence signals were subtracted to obtain the fluorescence originating from the binding reaction. These data were then used to calculate K D .
RESULTS

Screening in Vitro Selected TetR-binding Peptides for Induction in Vivo-
We used a two-step approach to identify novel peptide-based effectors capable of inducing the transcriptional regulator TetR. First, peptides that bind to Tn10 derived TetR (15) were isolated by phage display. For that purpose, an M13 bacteriophage library containing about 10 9 different dodecapeptides fused via a Gly 3 -Ser-linker to the N terminus of the coat protein pIII was used in a biopanning experiment with purified TetR (17) . 2500-and 400-fold increases in phage titer were achieved after three successive rounds of elution with a glycine buffer or a buffer containing 4 M TetR, respectively, indicating enrichment of TetR binding phages (data not shown). Sequence analysis of individual clones yielded 10 different sequences containing no consensus motif. Enzymelinked immunosorbent assay experiments revealed specific binding of these M13 phages to TetR (see "Material and Methods" for details).
We then constructed the E. coli strain shown in Fig. 1 to screen for peptide induction of TetR. The TetR binding peptides were expressed as fusions to the C terminus of E. coli TrxA, a small, highly soluble cytoplasmic protein (28) . The DNA encoding the peptide and the linker used for the M13 coat protein fusion was amplified by PCR from the TetR binding phages and ligated to a Ser-Gly-Gly-Ala-encoding sequence serving as a spacer at the C terminus of TrxA. In the resulting plasmids the modified trxA genes are under P tac control. The constitutively expressed Lac and Tet repressors are encoded on a compatible low-copy plasmid. These plasmids were introduced into E. coli DH5␣(tet50) carrying a single copy tetA-lacZ transcriptional fusion under Tet-control (19) . Expression of the TrxA fusion proteins is induced by IPTG and would only lead to ␤-galactosidase expression if they, in turn, induce TetR.
Identifying a TetR-inducing Fusion Protein-Screening of about 2100 peptides, obtained from panning, as C-terminal fusions to TrxA yielded one candidate called Bs1 which originates from a phage specifically eluted with TetR. Although binding of other peptides to TetR was detected by enzymelinked immunosorbent assay, no additional inducer was found. At 60 M IPTG peptide Bs1 showed a 14-fold induction of TetR (Fig. 2 ). TrxA expression alone had no effect on ␤-galactosidase expression. Induction is specific for the class B sequence variant called TetR(B). When the protein core (residues 51-208) containing the inducer binding and dimerization domains of TetR(B) is replaced by the same region from TetR(D), another natural sequence variant, the resulting chimeric repressor protein TetR(BD) (25) , is not induced. The sequence identity between these two TetR variants is 63% (15) , and their protein fold is identical (29) .
One potential mechanism of peptide induction could be interference with TetR dimerization. A single-chain TetR(B) (scTetR(B)) in which the C terminus of one monomer is connected to the N terminus of the other monomer by a flexible, 29-amino acid linker is insensitive to inhibitors of dimerization (30) . Therefore, we replaced tetR(B) in the in vivo system by sc tetR(B). The results shown in Fig. 2 clearly indicate that the TrxA-Bs1 fusion protein induces sc TetR(B) to the same extent as TetR(B). We, therefore, conclude that the TrxA-Bs1 fusion does not exert its effect by interfering with TetR dimerization.
Activities of Bs1 Fusions to Different Sites of TrxA-We asked if the Bs1 peptide would also be active when fused to the N terminus or inserted into the active site loop of TrxA (31) . For the latter, Bs1 was flanked by SG 3 This higher efficiency encouraged us to characterize this fusion protein in a system in which TetR is expressed to an ϳ8-fold higher level (plasmid pWH1413). We expect a higher level of TetR to reduce the efficiency of induction. Accordingly, we obtained only a 2-fold induction with the C-terminal fusion (data not shown), whereas ␤-galactosidase expression is still fully induced by the N-terminal fusion, albeit at higher IPTG concentrations (Fig. 4B) . The maximal ␤-galactosidase activity is obtained at 60 M IPTG. Western blots carried out simultaneously clearly demonstrate a direct correlation between the expression level of the fusion protein and the degree of ␤-galactosidase induction. The higher induction factor of 55 compared with the factor of 40 obtained with the low TetR expression system results from a lower repressed state. Thus, the window of peptide concentrations leading to induction can be shifted by altering the steady-state level of TetR.
Quantification of TetR-Peptide Interaction-Effector recognition in TetR belongs to one of the strongest interactions known for bacterial regulators and varies from a K D in the low nanomolar range for tc (32) to a picomolar range for atc (33) . The Bs1 peptide with the M13 linker sequence was synthesized as an N-terminally acetylated 16-mer for binding studies. The tryptophan residues served as fluorescent probes of binding to the Trp-free TetR(B)W43Y,W75F mutant (18) . We had previously verified that this mutant is inducible by the peptide (data not shown). The purified TetR mutant was added in increasing amounts to a solution containing 2 M Bs1 peptide. This led to a shift in the fluorescence emission maximum from 363 nm for the free peptide to 347 nm for the complex and a 5-fold increase in quantum yield (Fig. 5A) . Purified Bacillus subtilis HPr as a protein control did not yield any alterations of fluorescence (data not shown). The K D for the reaction TetR ϩ Bs1 % TetR⅐Bs1 is 0.64 Ϯ 0.1 M, as calculated from non-linear regression (Table I) . Scatchard analysis confirmed this value and resulted in a linear graph indicating the absence of cooperativity (Fig. 5B) . A stoichiometric titration revealed one bound peptide per TetR monomer (data not shown). The affinities of peptide Bs1 to TetR(B) and TetR(BD) were determined in a similar way, taking into account the fluorescence originating from the two Trp residues present in the respective wild type proteins by subtracting it from the total fluorescence obtained FIG. 1. In vivo screening system Fig. 2 and Table II) , indicating the importance of the protein core in TetR-peptide interaction and excluding binding of the peptide to the DNA-reading head. We exploited a set of 18 mixed sequence TetR(BD) chimeras (25, 26) to delineate the specificity determinant using the sensitive, low-level expression system for TetR and the C-terminal fusion as inducer. The results shown in Fig. 6 indicate a specificity determinant between the N terminus of ␣8 to the N terminus of ␣10 (residues 128 -187), since exchanges between these resi- dues resulted in the loss of peptide inducibility. The introduction of the TetR(B) sequence from residues 128 -182 into TetR(BD) yields a peptide-inducible variant and, thus, positively identifies this specificity determinant. Residue 183 and the residues 185-187 are identical in both sequences and, thus, cannot contribute to specificity. The contribution of residue 184 to specificity was determined by the chimeras harboring amino acids 128 -184 or 128 -182 of the class B sequence. Due to reduced DNA binding activity (compare Table II ; no repression was observed in the low-level expression system) these had to be characterized in the medium-level TetR expression system where they are fully induced by TrxA(N)-Bs1 (Table II) . These residues are, therefore, necessary and sufficient for induction by the Bs1 peptide, narrowing the specificity determinant to amino acids 128 -182. (23, 24, 34, 35) were analyzed for peptide induction to collect information about differential recognition of these inducers. Several of these mutations, initially characterized in TetR(D), were introduced into TetR(B), and their inducibility by tc and TrxA(C)-Bs1 was determined. Besides exchanges in residues directly contacting tc, we also studied the effect of mutations localized in proximity to the tc binding pocket on the surface of TetR (compare Fig. 7 ) since the specificity determinant of Bs1 includes solvent-exposed residues. Table III shows the results for tc-and peptide-based induction.
Peptide Bs1 and tc Are Recognized by Common and Distinct Residues of TetR-tc induction-deficient TetR mutants
Most crucial for tc-recognition are the so called "anchor residues" (36) For fine-mapping of the peptide binding site, we constructed mutants with exchanges in solvent-exposed residues localized near the ␣9-␣10 loop since exchanges in this region drastically influence peptide-based induction, as seen in TetR(BD) chimeras. The TetR mutant L176S is fully inducible by tc, whereas TetR-D178G shows an ϳ3-fold decrease in tc inducibility. Contrary to this, both mutants exhibit a complete loss of induction by TrxA(C)-Bs1. A 4-fold reduced peptide inducibility was found for TetR-E128R, whereas induction with tc was not affected. To our surprise, TetR-E175A leads to a slightly enhanced induction by the peptide, even though residue Glu-175 is located close to the solvent-exposed mutants described before. Induction by tc was not affected. These results show that peptide induction of TetR requires some residues of the tc binding pocket and additional contacts in the vicinity of that pocket on the surface of the protein.
An indication that peptide-based induction might be triggered by an allosteric conformational change originates from the analysis of the TetR mutants H100Y and T103A. These residues are involved in allostery and displaced by 1.9 and 3.9 Å, respectively, upon tc binding (36) . For both mutants we observe a correlation in the decrease of peptide-and tc-based induction. We also analyzed the mutant TetR-G102R. Gly-102 is displaced by 4.8 Å after inducer binding and represents a key residue in the conformational change occurring after tc binding. It does not make a direct contact to the effector, but it does not allow formation of a ␤-turn, allowing His-100 and Thr-103 to contact the inducer (36) . This mutant is neither inducible by tc nor by the peptide and, hence, confirms the assumption that both effectors trigger allostery in a similar way.
tc Abolishes TetR-Peptide Binding-The results obtained so far suggest that part of the peptide binding site is located on the protein surface. Because tc binds to the interior, simultaneous binding of peptide and tc is conceivable. Therefore, we added the 16-residue peptide Bs1 in an equimolar amount to the preformed complex of the Trp-free TetR(B) variant with tc and excited fluorescence of the peptide, ascribed to Trp-1 and Trp-3, with 295 nm. No alteration in the emission spectra assigned to the TetR⅐tc complex was observed (not shown). The inverse experiment involved the addition of tc to the preformed TetR-peptide complex (Fig.  5C) . Peptide binding to TetR causes a hypsochromic shift as well as an increase of fluorescence emission (Fig. 5A) . These effects were totally reversed upon the addition of tc. Instead, the emission spectra were composed of the spectra obtained for the TetR⅐tc complex and the free peptide, suggesting that tc displaces the peptide from the TetR⅐peptide complex.
These results suggest competition between both inducers for TetR binding.
DISCUSSION
Mechanism of Peptide-based TetR
Induction-Four different mechanisms of peptide-mediated induction are possible; they are dissociation of the TetR dimer, competition with DNA binding, and occupation of the tc binding pocket by the peptide or induction triggered by binding to another site on TetR. Peptides that disrupt subunit interaction of a dimeric protein have already been described (28) , and related mechanisms are common in mammalian transcriptional repression, where so-called passive transcriptional repressors form inactive heterodimers with transcriptional activators (37) . However, a dissociative mechanism for TetR induction is ruled out by the observation that the scTetR is induced. scTetR is not inactivated by a large excess of negative transdominant TetR mutants, confirming the inability of this variant to dissociate (30) .
Another potential mechanism of action is competition between the peptide and the bound DNA sequence tetO for the DNA binding domain of TetR. Because the chimeric repressor Because the two interference-based mechanisms of induction are clearly ruled out, the peptide must be an allosteric effector like tc. Hence, the remaining mechanisms are that peptide Bs1 binds to residues within the tc binding pocket or triggers allostery by binding to a different site.
Role of the tc Binding Pocket for Peptide Induction-The competition between tc and the Bs1 peptide for binding to TetR and their mutually exclusive binding strongly suggest overlapping binding sites. The ϳ1000-fold higher affinity of tc (38) over the peptide for TetR explains the efficient displacement of the peptide. Furthermore, several non-inducible mutants, like TetR-H100Y, -T103A, and -E147A, affect induction by tc and peptide to a similar extent, suggesting that these residues within the tc binding pocket are also relevant for peptide induction. On the other hand, exchanges in D-ring contacting residues affect induction by the peptide only if they are solventexposed (Pro-105 and Ile-174). Finally, the mutants TetR-H64Y, -N82A, and -F86A are efficiently induced by the peptide. These mutated residues are pivotal for tc recognition (36) , and their exchange leads to a decrease of the tc binding constant of up to 4 orders of magnitude (23), resulting in a total loss of tc inducibility (23, 34) . Their inducibility by the peptide clearly indicates an altered recognition pattern inside the tc binding pocket. 
Role of Residues Outside the tc Binding Pocket for Peptide
Induction-Residues within the tc binding pocket are highly conserved among TetR(B) and TetR(D) (8) . Nevertheless, the chimera TetR(BD) is not induced by any peptide fusion, and binding of the isolated peptide is not detectable. Moreover, all of the different TetR(BD) chimeras are fully induced by tc but only some by the peptide. Therefore, determinants outside the tc binding pocket must be necessary to contribute to peptide recognition.
The specificity-mediating region extends from the beginning of ␣8 to the ␣9-␣10 loop. Because TetR(BD)51-127 is inducible, whereas TetR(BD)51-142 is not, residues in the first half of ␣8, like the solvent-exposed Glu-128, must be important for peptide-mediated induction. In helix ␣9, amino acids 172 and 174 -177 differ completely between classes B and D and might also contribute to specificity. For the mutants analyzed in this region we found a loss of peptide induction only for solventexposed residues (Ile-174, Leu-176, and Asp-178), whereas TetR-F177S, localized closely to these residues but buried inside the tc-binding pocket, is fully induced by the peptide. Residues Pro-105 and Glu-128 together with Ile-174, Leu-176, and Asp-178 form a small patch next to the tc binding pocket on the surface of TetR (Fig. 7B ). This patch is bordered by the loop separating ␣9 and ␣10. This small loop, composed of amino acids 179 -182, differs completely between classes B and D in sequence, and chimeras harboring a B 3 D exchange within this region are either not or only weakly inducible by the peptide (see Fig. 6 ). Thus, the ␣9-␣10 loop together with adjacent residues forms part of the peptide binding site in addition to residues within the tc binding pocket.
The ␣8-␣9 loop exhibits large sequence differences between classes B and D, and its exchange in the chimera TetR(BD) 153-167 results in the loss of peptide induction. This large loop is not resolved in TetR crystals (39) , suggesting flexibility, and the fluorescence of Trp mutants indicated different loop structures in the tc-induced and non-induced states of TetR (40) . Furthermore, its sequence and length affect inducibility by tc (41, 42) . We establish here that it is also important for peptide induction, although there is no clue regarding the mechanism of its participation.
Induction Properties of the Tet/Cam Repressor FamilyMembers of the Tet and Cam repressor family (9), like TetR and QacR, are normally induced by low molecular weight effectors. Although QacR can be induced by a large number of only loosely related compounds (10), TetR was regarded as highly tc-adapted. The latter conclusion was deduced from the saturating interactions found in the crystal structure and the observation that several amino acid exchanges are necessary to alter inducer specificity even for structurally highly related tc derivatives (43) . Our results establish that TetR can also be induced by a structurally unrelated molecule like the peptide characterized here, which has a distinct binding site. This might indicate that allostery within members of the Tet/Cam repressor family can be triggered from different sites of their fold. This has previously been suggested by the different location of inducer binding sites of QacR and TetR. The results presented here show for the first time that the same regulator can be induced from distinct effector binding sites.
TetR Becomes a Protein-Protein Interaction Controlled Regulator-Many naturally occurring peptides bind receptors and trigger a conformational change to mediate signal transduction. Regulation of transcription in eukaryotes often involves activation or repression domains as part of DNA binding proteins which recruit additional proteins into the transcription initiation complex. The function of many of these domains can be reduced to a short peptide, as for the VP16 activation domain from Herpes simplex (44, 45) , or the "PLDLS" and "WRPW" recruiting motifs for the human co-repressors CtBP (46) or TLE proteins (47), respectively. Peptide-mediated induction of TetR is clearly a case in which a regulatory protein undergoes a conformational change upon peptide binding. To our knowledge it is also the first example of converting a low molecular weight effector-dependent regulator into a potential member of a signaling chain by discovering a peptide capable of completely substituting for the original effector. This indicates that members of complicated signaling chains transducing information via protein-protein interactions can evolve from the much simpler effector-dependent switch proteins.
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